We show that coherent optical phonons in GaAs multiple quantum wells are generated in a completely different way as compared to bulk GaAs. Unlike in bulk GaAs where the ultrafast screening of electric fields by photogenerated charge carriers is known to be dominant, three distinctive generation mechanisms contribute simultaneously in multiple quantum wells. The interplay between impulsive Raman scattering, forbidden Raman scattering, and screening of surface electric fields, whose relative strengths are determined by laser intensity, detuning from the exciton resonance, and the barrier width, generates a rich variety of new phenomena. DOI: 10.1103/PhysRevLett.86.1630 With the advent of ultrashort pulse lasers, the generation and detection of coherent lattice vibrations in various crystals became possible [1] [2] [3] [4] [5] [6] [7] [8] . Recently, terahertz radiation from coherent phonons, coherent control of coherent phonons, and large amplitude coherent acoustic phonons have been studied [9] [10] [11] . In addition, coherent phonon oscillations have been proposed as an effective femtosecond x-ray switch [12] . Despite these activities, however, the generation mechanism of coherent phonons is still not completely understood even in bulk materials.
With the advent of ultrashort pulse lasers, the generation and detection of coherent lattice vibrations in various crystals became possible [1] [2] [3] [4] [5] [6] [7] [8] . Recently, terahertz radiation from coherent phonons, coherent control of coherent phonons, and large amplitude coherent acoustic phonons have been studied [9] [10] [11] . In addition, coherent phonon oscillations have been proposed as an effective femtosecond x-ray switch [12] . Despite these activities, however, the generation mechanism of coherent phonons is still not completely understood even in bulk materials.
In bulk GaAs, it is generally agreed that screening of the surface field by carriers generated by femtosecond laser pulses is responsible for the coherent phonon generation [8] . In semimetals such as Bi, Te, and Sb, the so-called displacive excitation of coherent phonons (DECP) was proposed [2] . However, it was later shown that these results can also be accounted for by resonant stimulated Raman scattering [13, 14] . Both the screening mechanism in GaAs and the DECP mechanism in semimetals are "displacive" in nature, and the phonon oscillation is then "cosinelike." In general, materials which exhibit displacive generation mechanisms are opaque at the laser photon energies used. On the other hand, in transparent materials, impulsive stimulated Raman or Brillouin scattering (ISRS or ISBS) have been established as the coherent phonon generation mechanism [15, 16] . These mechanisms are "impulsive" in nature and thus have "sinelike" oscillation.
In GaAs multiple quantum wells, the electronic intersubband energy separation relative to the optical phonon energy has been proposed as an important factor in determining the screening of coherent phonon oscillations [17] . In superlattices, coherent acoustic phonons have been found to be excited via an impulsive Raman process [18] . However, there have been no prior studies on how exactly coherent longitudinal-optical (LO) phonons are generated in multiple quantum wells.
In this Letter, we study the generation mechanism of coherent LO phonons in GaAs͞AlGaAs quantum well structures. We find that near the exciton resonance, the interference between the impulsive allowed and forbidden Raman scatterings dominate coherent phonon generation. This is in stark contrast to bulk GaAs, where the impulsive stimulated Raman scattering makes little contribution. As intensity, temperature, detuning, and sample parameters vary, screening also contributes. It is interesting to note that both the impulsive and the displacive mechanisms may contribute simultaneously. Therefore, our experiments shed important insight on the generation mechanisms of coherent phonons in general: even for opaque materials, impulsive Raman scattering can contribute significantly, depending on how close the laser photon energy is to resonance, sample temperature, and excitation density.
Using femtosecond laser pulses, we perform reflective electro-optic sampling (REOS) on bulk GaAs, GaAs͞Al 0.36 Ga 0.64 As multiple quantum wells (MQW's) and superlattices (SL's). A Kerr-lens mode-locked Ti:sapphire laser was employed to generate transform-limited pulses of ϳ50 fs duration. All samples were grown on (001)-GaAs substrates by the molecular-beam-epitaxy technique. The MQW sample mostly investigated in our study has a 15 nm well width, 5 nm barrier width, and 30 periods. We also studied samples with identical parameters except for the barrier widths of 3, 2, and 1 nm. With the polarization of the probe beam fixed parallel to one of the principal axes ͓͑100͔, ͓010͔͒, the pump beam polarization was rotated to characterize the polarization dependence of the coherent phonon oscillations. ± from it. Another salient feature is that there exists an apparent asymmetry between the [110] and the [110] . This behavior is in stark contrast to the previous report on bulk GaAs where virtually no polarization dependence was observed [8] . We note that even at resonant excitation condition at low temperature there is little angle dependence for bulk GaAs.
From the above observations, it is clear that the dominant generation mechanism is not screening of electric fields in the MQW. This effect would depend only on the absolute number of generated carriers and is thus independent of the pump polarization. In order to explain the polarization dependence, we note that in the impulsive stimulated Raman scattering, one spectrally broad femtosecond pulse provides both the exciting photon and the Raman-stimulated photon [15] . In other words, both the incoming and outgoing photon polarization that "surround" the Raman tensor are the same. Including both the deformational potential interaction and the first order electro-optic effect, the allowed Raman tensor (R A ) of the (001)-GaAs is given as follows for the backscattering geometry along the [001] direction:
where a is the Raman polarizability. The scattering efficiency of the ISRS for this configuration is then given by a 2 3 cos 2 ͑2w͒. This partially explains the angle dependence shown in Fig. 1(b) but not the asymmetry, nor the fact that the minimum is not at w 45 ± . These discrepancies can be removed, if we introduce the "forbidden," q-dependent Fröhlich interaction amplitude and consider its interference with the "allowed," deformation interaction term [19, 20] . The Fröhlich term is zero in the dipole approximation (q 0), and thus called "forbidden," but is stronger than the allowed deformation potential terms under some resonant conditions. Including this term which is diagonal, the matrix becomes
where b is the Raman polarizability of the Fröhlich interaction. With the pump polarization angle w defined earlier, the scattering intensity as a function of the angle is then
Note that in Eq. (3), we included the angle-independent term c 2 which is due to the screening of the field, for the sake of generality. This model fits the angular dependence very well with parameters b͞a 0.24 and c͞a 0, as shown in Fig. 1(b) We now show that, as the laser intensity increases, screening of the surface field begins to contribute. Figure 2(a) shows the coherent phonon oscillations at the pump intensity of 2I 0 for the MQW, and the angle dependence of the Fourier-transformed intensity is shown in Fig. 2(b) . At this intensity, the coherent phonon amplitude is not negligible even at the minimum angle. This behavior cannot be explained by the impulsive Raman mechanisms only, but introducing the displacive screening mechanism as in Eq. (3) can nicely resolve it, as shown in Fig. 2(b) as dotted lines. The fitting parameters are b͞a 0.16 and c͞a 0.29. It should also be noted that there exists approximately a 90 ± phase difference between the minimum oscillation and the maximum oscillations. This supports that at the minimum oscillation angle, the generation of coherent phonons is dominated by screening. We also note that raising the temperature has a similar effect, i.e., a decrease in the Raman nonlinearity due to the broadening of the exciton resonance that relatively favors the screening contributions. The inset in Fig. 2(b) shows the Fourier-transformed spectrum for a typical oscillation. A minor peak at 0.35 THz below the main GaAs LO phonon is possibly due to the GaAs-like LO mode in the barrier, but further studies are needed [21] .
In Fig. 3 , we show several periods of oscillations at pump intensities of I 0 and 2I 0 with the pump polarization parallel to [110] or [110] directions. A phase shift of about p exists at both I 0 and 2I 0 between these two directions. It is interesting that for I 2I 0 , the phase difference deviates noticeably from p. This can also be explained in our model as shown by the dotted lines, with the same fitting parameters used in Figs. 1(b) and 2(b) . Note that the phase shift between 6a 3 sinVt 1 c 3 cosVt is not p unless c is zero.
The fact that both the angle and the time dependence of the coherent phonon oscillation are explained simultane- ously gives strong evidence for the validity of our model. In order to further support the model for the coherent phonon generation process in MQW, we tuned the laser energy. Figure 4 shows the Fourier-transformed intensity as a function of pump polarization when the excitation energy is slightly above the n 2 heavy hole exciton. The behavior reveals a striking deviation from the angle dependence at the n 1 resonance shown in Fig. 1(b) . The [110] direction is now a minimum instead of a maximum, and the angle-independent component makes the strongest contribution. Fitting the angular dependence with Eq. (3), we obtain the parameters b͞a 1.4, c͞a 3.4 (dotted lines, Fig. 4 ). For this condition, the dominant generation mechanism is proved to be the screening. We note that free carrier screening becomes more effective when the excess energy is large. To further test our model, we performed our experiments on SL's with the barrier widths of 1 or 3 nm, with fixed well width of 15 nm. For these thin barrier structures, well-to-well coupling exists across the thin barriers, and the carriers are not confined within each well [22, 23] . Eventually, for thin enough barriers, bulklike generation of coherent phonons should become possible. We show in Fig. 5 coherent LO phonon oscillations at the [110] and [110] polarizations for these thin barrier structures together with those for the MQW with L b 5 nm. Laser center energies were tuned at the heavy-hole exciton for each sample. The phase shift between the two polarization configurations becomes smaller as the barrier becomes thinner, and at the barrier width of 1 nm, virtually no angle dependence is found, just as in bulk GaAs. Figure 5 , therefore, is a manifestation of MQW-to-SL transition of the coherent LO phonon generation: coherent phonons are generated by impulsive Raman scattering in MQW, while screening becomes more and more important as the barrier becomes thinner, eventually overriding other generation mechanisms.
In conclusion, we have shown that the impulsive stimulated Raman scattering, both allowed and forbidden, and electric field screening give the complete description of the coherent phonon generation in GaAs multiple quantum wells, including both phase and amplitude of the oscillations. Intensity, temperature, detuning, and barrier-width dependencies of the relative contributions of the three generation mechanisms result in a rich variety of physics.
